(E) Cofractionation of GPS2 with N-CoR, TBL1, and HDAC3 as a large protein complex ‫2ف(‬ MDa mass). HeLa nuclear extract was analyzed by Superose 6 gel filtration (SMART system, Pharmacia) in BC300/0.05% NP-40, and fractions were analyzed by Western blot with antibodies against polypeptides indicated on the left. Identical elution profiles for GPS2, TBL1, N-CoR, and HDAC3 were obtained with the purified FLAG-HDAC3-containing complex (data not shown).
and TBLR1 are equally represented in both N-CoR and Spain et al., 1996). Specific association of GSP2 with N-CoR and HDAC3 was further confirmed by Western HDAC3 complexes (data not shown).
A 37 kDa component (p37) present in stoichiometric blot analysis. GPS2 was detected in N-CoR-, HDAC3-, and HDAC5-containing complexes but not in the HDAC1 amounts in both N-CoR and HDAC3 complexes ( Figure  1A) was identified as the G protein pathway suppressor complex ( Figure 1C ). In contrast, the accessory corepressor Sin3A was specifically associated with the HDAC1 2 (GPS2) protein ( Figures 1A and 1B) (Jin et al., 1997;
complex. In agreement with our current results, HDAC5
The FLAG-GPS2 complex displayed both a strong was shown previously to interact directly with N-CoR HDAC activity (data not shown) and remarkable stability, and SMRT (Huang et al., 2000) . being resistant to 1 M KCl and high concentrations of To further substantiate the physiological relevance of either nonionic (NP-40) or ionic (deoxycholate) deterthese interactions, we next documented similar interacgents and to moderate concentrations of sodium dodetions between endogenous proteins. An affinity-purified cyl sulfate ( Figure 2D, lanes 3-10) . antibody directed against the C terminus of N-CoR was used to isolate an endogenous N-CoR complex from GPS2 and TBL1 Interact with Distinct Conserved HeLa cell nuclear extract. Consistent with the analyses Regions of the N-CoR RD1 Domain of the FLAG-N-CoR and FLAG-HDAC3 complexes, enTo determine the N-CoR domain(s) responsible for interdogenous GPS2, TBL1, and HDAC3 specifically associactions with TBL1, GPS2, and HDAC3, FLAG-tagged ated with endogenous N-CoR ( Figure 1D ). In a further N-CoR derivatives were expressed in 293T cells and analysis of endogenous factors, HeLa nuclear extract immunoprecipitated. While full-length N-CoR associwas fractionated on a Superose 6 gel filtration column ated with the other three subunits, deletion of RD1 under conditions (300 mM KCl, 0.05% NP-40) favoring (N-terminal 312 amino acids), generating N-CoR⌬RD1, the dissociation of potential protein aggregates. Consisabrogated the interactions with GPS2 and TBL1 but was tent with our affinity purification data ( Figures 1A, 1C, and without effect on the interaction with HDAC3 ( Figure  1D ) and the notion that they can be present in a single large 3A, cf. lanes 1 and 2). Deletion of a C-terminal region complex, GPS2, HDAC3, N-CoR, and TBL1 copurified in (residues 1446-2453) that interacts with nuclear hormone fractions corresponding to a mass of about 2 MDa (Fig- receptors, generating N-CoR(1-1445), had no effect on ure 1E, top). Similar results were obtained upon fractioninteractions with the other three subunits ( Figure 3B , ation with the purified FLAG-HDAC3-containing comlane 3). Another N-CoR derivative (RD1) containing only plex (data not shown). In contrast and consistent with residues 1-312 failed to interact with HDAC3 but reour interaction data ( Figures 1C and 1D ), distinct fractained the ability to interact with both GPS2 and TBL1 tionation profiles for Sin3A and HDAC1 were observed ( Figure 3B , lane 2). These results indicate that the N-CoR ( Figure 1E, bottom) . The cofractionation of GPS2 with RD1 domain mediates interactions with GPS2 and TBL1, other known subunits both from nuclear extract and whereas a region between amino acids 313 and 1445 from affinity-purified complexes strongly suggests that mediates interaction with HDAC3. Thus, HDAC3 is indithey can indeed be components of a single large comrectly associated with GPS2 in the N-CoR-containing plex that, based on compositional ( Figure 1A ) and size complex. (Figure 1E ) analyses, must also contain other as yet We then tested truncated RD1 mutants ( Figure 3C , unidentified components. left) for GPS2 and TBL1 interactions ( Figure 3C , middle and right). Truncation at amino acid 225 (mutant A) abol-N-CoR, TBL1, and HDAC3 Are Major ished the TBL1 interaction but had no effect on the GPS2 GPS2-Associated Proteins interaction. Further truncation at amino acid 160 (mutant An anti-GPS2 antiserum (Ab1) specifically precipitated C) abolished the interaction with GPS2. An internal dele-N-CoR from HeLa nuclear extract (Figure 2A, lane 3) , tion of amino acids 161 to 225 (mutant B) similarly abrofurther confirming an endogenous GPS2-N-CoR associgated the GPS2 interaction but had no effect on the ation. Coimmunoprecipitation was also observed with TBL1 interaction. These results suggest that the central a peptide-generated anti-GPS2 antiserum (Ab2) (lane 4) subdomain (amino acids 161 to 225) mediates the GPS2 and was specifically suppressed in the presence of the interaction, whereas the C-terminal subdomain (amino immunizing peptide (cf. lanes 4-6). Confirming the endogeacids 226 to 312) mediates the TBL1 interaction. A mamnous GPS2-HDAC3 association, anti-GPS2 immunopremalian two-hybrid assay confirmed that a region within cipitates contained a strong Trichostatin A (TSA)-sensitive amino acids 226 to 312 is sufficient to mediate a strong HDAC activity that was comparable in magnitude to that intracellular interaction with TBL1 (data not shown). in the anti-N-CoR immunoprecipitates and specifically Both of the RD1 subdomains are highly conserved blocked in the presence of the immunizing peptide (Fig- between N-CoR and SMRT. Structural analysis predicts ure 2B, lanes 1-6).
that a region within amino acids 161 to 225 forms a To establish a stoichiometric association, a stable strong coiled-coil structure ( Figure 3D ). The correspondHeLa S-derived cell line (termed HS4) expressing FLAGing region in the Drosophila corepressor SMRTER and GPS2 was generated, and the GPS2-containing coma region of GPS2 (amino acids 12 to 103) are also preplex was affinity purified from derived nuclear extract. dicted to form similar coiled-coil structures. Coiled-coil Coomassie blue staining ( Figure 2C , lane 2), silver staininteractions mediated by these regions might underlie ing ( Figure 2C , lane 5), immunoblot analysis ( Figure 2D , the structural basis for highly specific N-CoR-GPS2 inlanes 1-3), and MS/MS mass spectrometric analysis teraction. following SDS-PAGE indicated that N-CoR, TBL1, and HDAC3 are major GPS2-associated proteins. MS/MS TBL1 Interacts via a Conserved Domain analysis also identified significant levels of SMRT and with both GPS2 and RD1 and Enhances TBLR1 in the GPS2-containing complex(es). In contrast, the GPS2-RD1 Interaction no association of GPS2 with either Sin3A or HDAC1
The in vivo association between N-CoR(1-225) (mutant was detected ( Figure 2D, lanes 1-3) . A comparison of A in Figure 3C ) and GPS2 was recapitulated in vitro in complexes affinity purified via different FLAG-tagged a GST pull-down assay with a GST-GPS2 fusion protein subunits (HDAC3, N-CoR, and GPS2) confirmed that and in vitro-translated N-CoR(1-225) ( Figure 4A ). Interthey share most major and minor polypeptides ( Figure  2C, lanes 3-5) .
estingly, in vitro-translated TBL1 also displayed a strong Figure 4C ). This cooperativity further suggests a role for TBL1 in the assembly of the complete N-CoRgion(s), a series of N-CoR repression domain mutants were tested for their ability to interact with FLAG-HDAC3 TBL1-GPS2-HDAC3 complex. In support of this idea, ectopic FLAG-TBL1 alone but not an ectopic FLAGand to rescue its activity in a cotransfection assay. Representative experiments are shown in Figure 5A , and HDAC1 control strongly associated with endogenous GPS2, N-CoR, and HDAC3 ( Figure 4D ). It is likely that the results are summarized in Figure 5B . The ability to physically interact was found to be necessary and TBL1 augments the RD1-GPS2 interaction by stabilizing a GPS2-TBL1-N-CoR heterotrimeric structure, which insufficient for activating the HDAC3 activity. Figures 3 and 4) sugscriptional repression (Figure 6 ), we hypothesized that the observed inhibition of JNK1 activity by ectopically gests a role for GPS2 in facilitating the assembly of the 1-3 and lanes 4-8). N-CoR(1-312) , which contains the entire RD1 domain (Figure 3C ), showed a similar Having established an essential role of N-CoR in GPS2-mediated JNK1 inhibition, we next used the dominant-negative effect ( Figure 7B, lane 6 versus 5) . In contrast, overexpression of N-CoR(1-160) , which HDAC-specific inhibitor TSA to test an HDAC involvement in GPS2-meditated JNK1 inhibition. Since TSA does not interact with GPS2 ( Figure 3C ), had no effect 
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